A limited number of bacteria, yeast and fungi can convert hemicellulose or its monomers (xylose, arabinose, mannose and galactose) into ethanol with a satisfactory yield and productivity. In the present study we tested a number of thermophilic enrichment cultures, and new isolates of thermophilic anaerobic bacterial strains growing optimally at 70-80
Introduction
Utilization of lignocellulose from forestry or non-food energy crops, or agricultural and forestry waste products, represents a large resource available for energy and chemical feedstock production [1] . Conversion of rape straw, wheat straw and willow into CO 2 -neutral biofuel ethanol is an attractive approach, for supplement of fossil transportation fuel. Today, conversion of cellulose fraction from lignocellulosic biomass into ethanol offers only minor microbiological or technical problems, as opposed to conversion of the hemicellulose fraction [2, 3] . Few species among the bacteria, yeast and fungi can convert hemicellulose or its monomers (xylose, arabinose, mannose and galactose) into ethanol with a satisfactory yield and productivity [3] . Economical analyses have shown that also the hemicellulose fraction needs to be converted to ethanol in order to obtain an economically feasible lignocellulosic bioconversion process [4, 5] . Thermophilic anaerobic bacteria have been examined for their potential as ethanol producers [6] . The investigated species were Thermoanaerobacter ethanolicus [7, 8] , Clostridium thermocellum [9] [10] [11] , Clostridium thermohydrosulfuricum [6, 12, 13] (reclassified as Thermoanaerobacter thermohydrosulfuricus) [14] , Thermoanaerobium brockii [15, 16] (reclassified as Thermoanaerobacter brockii) [14] , Clostridium thermosaccharolyticum [17, 18] (reclassified as Thermoanaerobacterium thermosaccharolyticum) [19] and Thermoanaerobacterium saccharolyticum B6A [14, 20] . The major advantage of using these micro-organisms for ethanol production is their ability to degrade a variety of carbohydrates found in lignocellulosic biomass [21] . However, none of these strains can compete with Saccharomyces cerevisiae or Zymomonas mobilis when it comes to conversion of hexoses and to ethanol tolerance. Thermophilic anaerobic ethanol-producing bacteria could, however, be promising candidates for conversion of the hemicellulose fraction (xylose, arabinose, mannose and galactose).
Thermophilic anaerobic strains can accomplish almost the theoretical ethanol yield of 1.67 mol of ethanol/mol of xylose (0.51 g of ethanol/g of xylose) [5, 22] . However, these yields have only been obtained at concentrations of xylose up to 10 g/l [6, [23] [24] [25] . When the concentration of D-xylose exceeded 10 g/l, the ethanol yield was decreased [18, [26] [27] [28] , probably because of low substrate and product tolerance. This would be disadvantageous for application of thermophilic anaerobic ethanol-producing bacteria in industrial ethanol production.
Micro-organisms found to be efficient ethanol producers from pure xylose in well-defined growth media will not necessarily ferment the lignocellulosic hydrolysate efficiently [29] . The pretreated hydrolysates contain various inhibitors of microbial fermentation such as weak organic acids like acetate, furan derivatives and phenolic monomers from sugar and lignin degradation respectively [29] [30] [31] [32] [33] [34] . Sometimes the inaccessibility of the carbohydrates in the hydrolysates to the micro-organisms is responsible for the incomplete fermentation and subsequently lower ethanol yields [26, 35] . Furthermore, the micro-organisms have to be able to grow and produce ethanol in a pretreated hemicellulose hydrolysate to make them usable in an industrial bioconversion process of lignocellulosic biomass. Only a few studies have been conducted with thermophilic anaerobic ethanol producers on pretreated lignocellulosic hydrolysate [26, [35] [36] [37] [38] [39] [40] [41] .
In the present study, we tested the performance of a large number of thermophilic anaerobic bacterial strains and anaerobic enrichment cultures growing optimally at 70-80
• C for their potential as ethanol producers from D-xylose and hemicellulose hydrolysate from wheat straw. The thermophilic anaerobes originated from different natural and manmade systems such as hot springs, paper pulp mills and waste water from breweries.
Materials and methods

Growth media
Experiments were conducted in 26 ml vials (Belco) containing 9 ml of anaerobic medium and a gas phase of 80% N 2 /20% CO 2 ). The mineral anaerobic medium composition was as described previously by Angelidaki et al. [42] with the following modifications: cysteine was omitted, the concentration of sodium sulphide was increased to 0.5 g/l and the vitamin solution was replaced by 10 ml/l of the vitamin solution DSM-141 (German Collection of Microorganisms and Cell Cultures). The medium was further supplemented with 1 g/l yeast extract (Difco) and D-xylose as a substrate. Vitamins and D-xylose were filter sterilized and added after the medium was autoclaved (140
• C, 20 min). Doubledistilled water was used, and chemicals used were of analytical grade.
Preparation of wet oxidized hemicellulose hydrolysate from wheat straw
The hydrolysate was prepared using the wet oxidation pretreatment method described by Bjerre et al. [43] . Wheat straw (60 g of dry matter) was wet oxidized in a special constructed 2 litre loop autoclave (Risø National Laboratory, Denmark) for 10 min at 195
• C after addition of water (1 litre), sodium carbonate (6.5 g) and oxygen (12 bar) to the remaining gas volume. After wet oxidation, the liquid hemicellulose fraction (the hydrolysate) was separated from the filter cake consisting of the cellulose-rich fraction of the wheat straw.
Wet-oxidized hydrolysate media with hemicellulose concentrations from 10 to 100% (v/v) were prepared and supplemented with the same concentrations of minerals, trace metals and yeast extract as described above for mineral anaerobic media. Different concentrations of soluble hemicellulose fraction of wet-oxidized wheat straw were prepared by addition of the respective volume of redistilled water given the desired concentration.
Samples
Microbial mat, sediment and soil samples were collected anaerobically in 100 ml sterile plastic bottles which were filled, sealed and kept at room temperature before processing (1-2 days). The samples were taken from the following places: various alkalophilic and neutral hot springs in the Hveragerdi and Fludir areas of Iceland and Yellowstone National Park in U.S.A.; industrial waste water samples from Danish breweries and various samples from paper pulp mills; animal faeces samples collected in sterile plastic bags and kept at 2
• C until processing.
Isolation of new thermophilic anaerobic strains
Bacterial strains were isolated at 70
• C and at neutral pH using the anaerobic roll-tube technique [44, 45] with medium solidified with Phytagel and MgCl 2 and with 5 g/l D-xylose as substrate and 1 g/l yeast extract as co-substrate. Colonies were picked with sterile Pasteur pipettes and the procedure was repeated until only one colony type was seen.
Screening test
The screening programme for testing the bacterial strains and enrichment cultures consisted of the following three steps.
Fermentation of D-xylose into ethanol
Strains were inoculated into laboratory media at neutral pH containing D-xylose in the range 5-15 g/l and 1 g/l yeast extract, incubated at 70
• C for 7 days.
Growth and production of ethanol in wet-oxidized hemicellulose hydrolysate from wheat straw
The strains were inoculated into serum vials containing the hydrolysate in concentrations of 10-100% (v/v) and incubated at 70
• C and neutral pH for 7 days. Unless otherwise stated, hydrolysate medium did not contain D-xylose.
Production of ethanol from 133 mM D-xylose or higher
D-Xylose was added from a 1.33 M stock solution of D-xylose in amounts corresponding to the desired final concentrations of 133 mM or more. The strains were incubated at 70
• C and neutral pH for 5 days.
Analytical methods
Growth on D-xylose was determined by measuring the optical density of cultures using a spectrophotometer (Milton Ron) at 578 nm. Because of the high turbidity of the hemicellulose hydrolysates, growth with hydrolysates was observed by phase-contrast microscopy, evolution of gas production by a pressure transducer connected to an ampere meter, and finally by measuring product formation from the fermentation process. Xylose and end-fermentation products (ethanol, lactate and acetate) were determined by HPLC equipped with an Aminex HPX-87H column (Bio-Rad) at 60
• C. The eluent was 4 mM H 2 SO 4 at a flow rate of 0.6 ml/min with detection on a Refractive Index Detector. Prior to HPLC analysis, 1 ml samples were acidified with 10 µl of 20% H 2 SO 4 and centrifuged at 10 000 rev./min for 10 min, followed by filtration through a 0.45 µm membrane filter.
General conditions
Experiments were performed twice and in duplicate. Endfermentation products and xylose were measured before and after incubation: 10% (v/v) was used as inoculum 
Results
Test of enrichment cultures for production of ethanol from d-xylose
Samples from mesophilic and thermophilic anaerobic natural and man-made environments were used for establishing enrichment cultures. A total of 86 enrichment cultures were tested for conversion of 100 mM D-xylose to ethanol at neutral pH and 70
• C. As observed in Table 1 , most of the samples from mesophilic and thermophilic biogas plants produced high amounts of ethanol. Only a few of the enrichment cultures from the hot springs had satisfying ethanol yields; however, one of the brewery waste water samples performed well. The following enrichment samples were also tested, which either did not grow on xylose or produced less than 10 mM ethanol: 13 hot spring samples, 6 soil samples (Bolivia), 15 soil samples (Denmark) and 28 faeces samples from herbivorous animals (Copenhagen Zoo, Denmark). These samples were therefore not considered to be of interest for further experiments.
Isolation of thermophilic anaerobic strains from selected enrichment cultures
A total of 12 enrichment cultures having an ethanol yield equal to or above 1 mol of ethanol/mol of D-xylose were selected for further isolation of the ethanol-producing strains in the culture. Colonies were visible after 2-7 days. From these 12 enrichment cultures a total of 29 strains were isolated and 14 of these strains showed an ethanol yield corresponding to the original enrichment culture (results not shown). These new strains were selected for further studies.
Test of previously isolated thermophiles for ethanol production from d-xylose
From our collection of thermophilic anaerobic bacteria a total of 58 strains, mainly originating from hot springs in Iceland or the U.S.A., and from a Finnish paper pulp mill, were tested. Seven strains were selected for further testing due to their high ethanol yield (Table 2) . A total of 21 strains were selected for the second screening test containing 14 strains isolated from selected enrichment cultures and seven previously isolated strains. The remaining enrichment and pure cultures either did not ferment D-xylose or produced below 0.9 mol of ethanol/mol of xylose. Test of ethanol production in hemicellulose hydrolysate from wheat straw Preliminary screening test for ethanol production was conducted in 50% (v/v) diluted wet-oxidized hemicellulose hydrolysate to diminish the effect of the inhibitors present in the hydrolysate. The test showed that 4 of the 21 selected strains (A5, A10, X5B and X7B) were able to grow and produce ethanol as the major fermentation product in 50% hemicellulose hydrolysate (Table 3) . Further test with the same micro-organisms in undiluted wet-oxidized wheat straw hydrolysate showed no inhibition of growth; there was a minor increase in acetate production and higher ethanol formation compared with 50% (v/v) hydrolysate media ( Table 4 ). The highest ethanol concentration produced was 25.7 mM, which was obtained by strain A10. In the undiluted hydrolysate medium, a xylose accumulation of 3.2-8.1 mM was also observed ( Table 4) . The remaining selected strains could not grow in 50% wet-oxidized hydrolysate media. Therefore, the strains were grown in diluted hemicellulose hydrolysate from 10 to 50% (v/v) and supplemented with 5 g/l xylose before growth experiments, which was expected to be the theoretical amount of D-xylose found in the hemicellulose hydrolysate. The hemicellulose hydrolysate contained only a low concentration of free monomeric sugars, and addition of D-xylose was found useful for this study, as the aim of the present study was to test if the thermophilic anaerobic strains can grow and produce ethanol in hemicellulose hydrolysates. Strain A3 was found to have the best performance in growth experiments with diluted wet-oxidized hemicellulose hydrolysate supplemented with xylose, but it could only grow and produce ethanol in up to 40% (v/v) hydrolysate (Table 3) .
The strains A10, A5, X7B and X5B were selected for further tests, as these strains grew in undiluted wet-oxidized hemicellulose hydrolysate. Strain A3 was considered for further testing, as it was the strain which had the highest ethanol yield of the tested strains from D-xylose, and it displayed relatively good growth and ethanol production in diluted hemicellulose hydrolysate with added D-xylose.
Test for xylose tolerance
The remaining five strains were further tested for ethanol production at high xylose concentrations and the results are shown in Table 5 . Strains A3 and X5B had more than a 2-fold higher ethanol yield of 0.7 mol of ethanol/mol of added xylose when fermenting 138-139 mM xylose, compared with the other three strains, A10, A5 and X7B. However, the uptake of the D-xylose was significantly different in the two strains, as X5B only used approximately half of the Dxylose added compared with strain A3 which used almost 90% of the xylose added. This was even more profound at higher xylose concentrations. At increasing concentrations of xylose, a corresponding decreasing ethanol yield was observed for all strains. All of the strains did not grow in xylose concentrations higher than 328-340 mM xylose, except strain A3, which grew poorly at 403 mM xylose. The acetate production was considerably lower with strain A3 compared with other strains, which could explain the corresponding higher ethanol yield of strain A3.
Discussion
To obtain a viable bio-ethanol production, all the main carbohydrate constituents of lignocellulosic biomass need to be converted into ethanol [46] [47] [48] . From previous studies on thermophilic anaerobic xylan-degrading bacteria in hot springs and man-made systems [49] [50] [51] [52] we have obtained a substantial collection of thermophilic anaerobic xylandegrading micro-organisms. Xylan is mainly composed of Dxylose and we have previously seen that most of these isolates produced ethanol as the main end fermentation product from both xylose and xylan.
In the present study we tested the potential of some of these isolates as ethanol producers from D-xylose. Furthermore, we have collected samples from various natural and man-made systems, chosen because of their various activities for conversion of biomass, in a search for new D-xylose-fermenting strains. Another approach for obtaining good ethanolproducing strains on xylose is to select among strains of micro-organisms that naturally make a living on this substrate in various ecosystems. All of these strains were subjected to a screening programme to evaluate if any of these isolates could be of interest as candidates for ethanol production from wet-oxidized hemicellulose hydrolysate made from wheat straw. Thermophilic anaerobic ethanol producers could be isolated from Danish biogas plants (both mesophilic and thermophilic), Icelandic hot springs, waste water samples from two Danish breweries and from a Finnish paper pulp plant. Examination of ethanol production in pretreated hemicellulosic biomass is an important screening criterion, when considering a strain for real-life application [3] [4] [5] . Pretreated lignocellulosic hydrolysate from straw and willow are very likely to be the future substrates in a Danish industrial ethanol process, based on conversion of both the hemicellulose and cellulose fraction into ethanol. Micro-organisms producing a promising ethanol yield on pure xylose do not necessarily do well in pretreated hydrolysate, containing inhibitory compounds such as acetic acid, furfurals and lignin-degradation products [30] [31] [32] [33] .
Therefore, the selected xylose-fermenting micro-organisms were tested in 60 g/l pretreated hemicellulose hydrolysate, which consists of a mixture of hydrolysable sugars (9.78 g/g of wheat straw), corresponding to 6.5 g of xylose/g of wheat straw [53] . No enzymes were added, stressing the importance of internal enzyme production by free tested microbes.
Out of the screening test in undiluted hemicellulose from 60 g/l wet-oxidized wheat straw without addition of xylose, four strains (A10, A5, X7B and X5B) were selected as the best ethanol-producing bacteria among all the strains screened. Fermentation of the hemicellulose hydrolysate by these micro-organisms resulted in ethanol production in the range of 9.8-25.7 mM. The highest ethanol yield of 25.7 mM was found for strain A10, which was estimated to correspond to 0.18 g of ethanol/g of xylose. The ability of the strains to grow on and degrade the hemicellulose hydrolysate to xylose and subsequently to convert xylose into ethanol indicates the presence of active xylanolytic enzymes in the four strains tested.
The wet-oxidized hemicellulose hydrolysate in our experiment was found to contain low amounts of D-xylose. Some growth of strain A3 in the hydrolysate without xylose supplement was seen after an incubation period of 7 days. This is probably due to the need for activation of xylanase production in strain A3. A3 produced 0.9 mol of ethanol/mol of xylose (0.3 g/g) in 10% wet-oxidized hydrolysate; however, reduced ethanol yields were seen with increasing hemicellulose hydrolysate concentrations up to 50% (v/v), where no growth was detected.
Other thermophilic anaerobes have previously been tested in different hemicellulose hydrolysates. T. ethanolicus JW200 wild-type was grown in 0.8% (w/v) steam-exploded birch wood hemicellulose and produced 24 mM ethanol [26] .
C. thermosaccharolyticum HG6 was grown in oak sawdust pretreated with 1% H 2 SO 4 and diluted to contain 40 mM D-xylose, and the ethanol yield was 26 mM (0.2 g ethanol/g of xylose) [35] . Compared with strain A10, both strains T. ethanolicus JW200 and C. thermosaccharolyticum HG6 produced a similar amount of ethanol. Saddler and Chan [37] have shown that a co-culture consisting of C. thermocellum, C. thermohydrosulfuricum and C. thermosaccharolyticum grown in steam-exploded wheat straw was highly inhibited and showed poor growth. This inhibition could be overcome by washing the pretreated biomass, but this further resulted in loss of 75% of the pentosans. The results found in our experiments and the above described studies all show a distinct difference in ethanol productivities between laboratory media with pure xylose and hemicellulose hydrolysate with xylose in mainly polymeric forms, and where inhibitory compounds will be found in variable concentrations. Before these strains can be of any industrial interest as ethanol producers, either the hydrolysate has to be detoxified or the strains have to be adapted to growth in undiluted hydrolysate [40] .
Strains A3, A5, A10, X5B and X7B showed growth in the tested hydrolysates and these were further tested on high xylose concentrations which again will be of further interest for production of bio-ethanol from lignocellulosic biomass. A3 was found to use nearly all of the added xylose when fermenting 139.2 mM, with a yield of 0.7 mol of ethanol/mol of xylose. Further, A3 was the only strain capable of growth in 400 mM xylose. Compared with other thermophilic anaerobic ethanol-producing strains grown in batch experiments with xylose concentrations exceeding 66.6 mM, A3 had the highest xylose tolerance ever reported. When T. ethanolicus was grown in pH-controlled batch experiments with 185 mM xylose, a yield of 0.57 mol of ethanol/mol of xylose metabolized was found; however, 85.9 mM was left unfermented in the culture [24] . In resting cell experiments, T. ethanolicus JW200 produced 0.68 mol of ethanol/mol of xylose from 233.2 mM xylose [26] . In comparison, living cells of strain A3 produced 0.54 mol of ethanol/mol of xylose when fermenting 169.2 mM xylose.
Our screening programme for 86 enrichment cultures and 56 pure cultures showed that thermophilic anaerobic ethanol producers can be found in many different natural samples. However, when these strains were tested for their performance as ethanol producers on hemicellulose hydrolysates only five thermophilic bacteria (A3, A5, A10, X5B, X7B), all of them isolated from hot-springs on Iceland, were capable of growing and producing ethanol. A10 was found to have the best performance with no enzymes added while strain A3 had the highest ethanol yield and tolerance to monomeric xylose. Future work will be needed to optimize these strains for ethanol production from hemicellulose hydrolysate.
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